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ABSTRACT
We quantify the shape and overdensity of the galaxy distribution in the ‘Local Sheet’ within
a sphere of R = 8 Mpc, and compare these properties with the expectations of the ΛCDM
model. We measure ellipsoidal axis ratios of c/a ≈ 0.16 and b/a ≈ 0.79, indicating that the
distribution of galaxies in the Local Volume can be approximated by a flattened oblate ellip-
soid, consistent with the ‘sheet’-like configuration noted in previous studies. In contrast with
previous estimates that the Local Sheet has a density close to average, we find that the num-
ber density of faint and bright galaxies in the Local Volume is ≈ 1.7 and ≈ 5.2 times denser,
respectively, than the mean number density of galaxies of the same luminosity. Comparison
with simulations shows that the number density contrasts of bright and faint galaxies within
8 Mpc alone make the Local Volume a ≈ 2.5σ outlier in the ΛCDM cosmology. Our results
indicate that the cosmic neighbourhood of the Milky Way may be unusual for galaxies of sim-
ilar luminosity. The impact of the peculiar properties of our neighbourhood on the properties
of the Milky Way and other nearby galaxies is not yet understood and warrants further study.
Key words: galaxies: abundances – cosmology: large-scale structure of universe – catalogues
1 INTRODUCTION
The distribution and properties of galaxies in the immediate neigh-
bourhood of the Milky Way provide unique and detailed informa-
tion about the processes driving galaxy formation (e.g., Peebles &
Nusser 2010). In particular, the ability to resolve individual stars
and to measure detailed properties of the stellar populations and
gas distributions of galaxies within a few Mpc allows for the re-
construction of detailed star formation and chemical enrichment
histories (e.g., Weisz et al. 2014). Additionally, the faintest dwarf
galaxies can only be observed to a few tens of kiloparsecs (and to a
few hundreds of kpc in the near future), which means that there are
entire regimes of galaxy formation that can only be probed locally.
The local . 8 Mpc region around the Milky Way – known
as the ‘Local Volume’ (LV) – is also a unique test bed for cosmo-
logical models on small scales. The faintest galaxies are expected
to inhabit low-mass dark matter subhaloes whose abundances and
internal properties are sensitive to a wide range of cosmological
models and to the properties of the dark matter particle (e.g., Bozek
et al. 2016; Fitts et al. 2019, see Bullock & Boylan-Kolchin 2017
for a review). Additionally, redshift-independent distance measure-
ments in the Local Volume can confirm that satellites are within the
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virial radii of their hosts, allowing for studies of satellite systems
which are free of redshift-space contamination.
This observational uniqueness of the Milky Way’s immedi-
ate surroundings justifiably makes it a target of intense modelling
efforts. However, to generalise what we learn from the Local Vol-
ume, we must either assume that our environment is typical or must
be able to model similar environments in simulations. The latter is
especially important when there is a good reason to suspect that
environment plays a role in particular observational properties.
The most common approach for defining Milky Way ana-
logues in cosmological simulations is to simply select objects from
haloes of similar mass. Some studies require that analogues are in
a pair with another halo of a similar mass (e.g., Garrison-Kimmel
et al. 2014) and/or that they are sufficiently far from massive groups
or clusters (e.g., Griffen et al. 2016; Geha et al. 2017). Other stud-
ies require that analogues are located within regions with overden-
sities and local velocity dispersions similar to those estimated for
the Milky Way (e.g., Klypin et al. 2003). Such criteria are often
important, for example, in reproducing dynamical properties of the
Local Group (González et al. 2014) or for inferring the formation
times of nearby galaxies (Forero-Romero et al. 2011).
However, the Local Volume has a number of defining proper-
ties beyond its density and proximity to clusters. The galaxy dis-
tribution within . 8 Mpc around Milky Way is highly flattened
in a structure called the ‘Local Sheet’ (Tully et al. 2008) and ex-
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hibits coherent motion with a peculiar velocity dispersion of only
≈ 40 km s−1 (Karachentsev et al. 2003; Klypin et al. 2003; Tully
et al. 2008). The Local Sheet is embedded in and aligned with
a larger flattened structure at scales . 40 Mpc, commonly re-
ferred to as the Local Supercluster (de Vaucouleurs 1953, 1958;
Tully 1982). Theoretically, anisotropy in the large-scale mass dis-
tribution is known to correlate with dark matter halo properties
(e.g., Codis et al. 2015; Ramakrishnan et al. 2019), although the
main effect may be due to changes in local overdensity (Goh et al.
2019) and other environmental factors which only correlate with
anisotropy (Mansfield & Kravtsov 2019). The spins of galaxies are
expected to correlate with the anisotropy of nearby structures (e.g.,
Navarro et al. 2004; Ganeshaiah Veena et al. 2019; Kraljic et al.
2019, but see Krolewski et al. 2019). Observationally, the orienta-
tions of disc galaxies are correlated with the large-scale distribu-
tion of their neighbouring galaxies both in the Local Volume (Flin
& Godlowski 1986, 1990; Navarro et al. 2004; Noh & Lee 2006)
and in the field (Trujillo et al. 2006; Jones et al. 2010; Tempel et al.
2013; Tempel & Libeskind 2013). Additionally, Guo et al. (2015)
showed that SDSS galaxies in filaments have ≈ 50 per cent more
satellites than similar-luminosity galaxies outside of filaments, fur-
ther emphasizing the impact that the large-scale environment has
on satellite populations.
Another possible impact of the large-scale environment relates
to the observed anisotropy of satellite systems. Although ΛCDM
generally predicts some level of anisotropy (e.g., Zentner et al.
2005; Libeskind et al. 2005, 2011), the observed systems exhibit a
level of flattening and co-rotation that is rare in cosmological simu-
lations – the issue known as the ‘Planes of Satellites Problem’ (see
e.g., Pawlowski 2018, for a recent review). Interestingly, Libeskind
et al. (2015) demonstrated that the satellite distributions around
several nearby bright galaxies are aligned with the normal vector
of the Local Sheet (see also Libeskind et al. 2019). The alignment
of the observed ‘satellite planes’ with the galaxy distribution in the
Local Sheet indicates that our environment likely plays a role in
their formation. To study this role using cosmological simulations,
one must be able to select environments with properties close to the
Local Volume.
In this regard, it is notable that Goh et al. (2019) studied the
incidence of ≈ 4h−1 Mpc ‘walls’ in the Bolshoi-Planck ΛCDM
simulation and argued that such walls are exceedingly rare, which
would make modelling them challenging. If LV-like environments
are truly rare and also significantly influence the properties of the
galaxies within them, this could be behind the rarity of the flattened
satellite configurations found in ΛCDM simulations. However, as
we discuss in Section 6.1, the apparent rarity of LV analogues is in
large part due to the specific and restrictive choices used by these
authors to define LV-like environments. Nevertheless, as we will
show in this study, even basic properties of the galaxy distribution
in the Local Volume, such as the abundance of bright galaxies rel-
ative to faint galaxies, make it a ≈ 2.5σ outlier compared to the
expectations of ΛCDM cosmology.
The Local Volume contains a large number of bright and mas-
sive galaxies (McCall 2014; Karachentsev & Kudrya 2014; Klypin
et al. 2015; Kourkchi & Tully 2017). The ring-like concentration of
bright galaxies at distances of ≈ 3−5 Mpc around the Local Group
was dubbed ‘The Council of Giants’ by McCall (2014). This means
that some isolation criteria that are commonly used when defining
Milky Way analogues in simulations will preferentially select envi-
ronments systematically less crowded than that of the Milky Way.
The impact of this difference is not yet fully understood.
These considerations illustrate that it is important to under-
stand the connection between the Milky Way’s properties and its
environment, and that it may be crucial to match these properties
in simulations aiming to reproduce the properties of the Milky Way
and its neighbours. However, to do this we must understand what
the properties of the Local Volume are. Thus, in this study we char-
acterise basic properties of the Local Volume and estimate how
common such environments are in ΛCDM cosmological simula-
tions.
Although there are many different ways to define the local en-
vironment and its properties, we adopt a simple approach that al-
lows us to capture and estimate two key features of the Local Vol-
ume: the overdensity of galaxies at various luminosities, and the
flattened shape of the galaxy distribution.
To this end, we use the Karachentsev et al. (2013) local galaxy
catalogue after making some important updates to the B-band ap-
parent magnitudes, dust extinction corrections, and distances (Sec-
tion 2.1). We use the Millennium Galaxy Catalogue (see Liske et al.
2003; Driver et al. 2005; Allen et al. 2006, and Section 2.2 below)
to estimate the mean density of galaxies in the field. We use these
galaxy catalogues to characterise the shape and density contrast of
the galaxy distribution in the Local Volume in Section 4. In Section
5 we compare our results against the predictions of the SMDPL
simulation of Klypin et al. (2016) using the methodology described
in Section 3. We discuss our results in Section 6. We summarise our
results and conclusions in Section 7.
2 GALAXY SAMPLES IN THE LOCAL VOLUME AND
IN THE FIELD
We use the most extensive catalogue of local galaxies that has been
compiled to date – The Catalog and Atlas of the Local Volume
Galaxies (the LVG, Karachentsev et al. 2013).1 We augmented the
available Johnson B-band magnitude estimates, the internal extinc-
tion corrections, and the distances for a subset of the LVG galaxies.
We describe this process in detail in Section 2.1.
To estimate the overdensity of galaxies of different luminosi-
ties in the Local Volume, we need a reference field luminosity func-
tion. There are many spectroscopic surveys which have measured
luminosity functions at low redshifts, but for a comparison with
the LVG, a survey should collect photometry in a band which can
be easily converted to the Johnson B-band magnitudes used by the
LVG, it should allow for the measurement of the 26.5 mag arcsec−2
Holmberg radius, and it should allow for internal extinction correc-
tions. Finally, these survey data should be publicly available so that
conversions, corrections, and cuts can be performed directly on in-
dividual galaxies.
The Millennium Galaxy Catalogue (MGC, Liske et al. 2003;
Driver et al. 2005; Allen et al. 2006) best matches these criteria.
We describe the MGC in Section 2.2 along with the choices we
make in sample selection, internal extinction corrections, and sur-
face brightness calculations. We also describe how we estimate the
luminosity function of the MGC galaxies, using a surface bright-
ness limit, in Section 2.2.1.
2.1 The Local Volume
To study the distribution of galaxies in the Local Volume we use
the LVG (Karachentsev et al. 2013). The LVG is a galaxy cata-
1 http://www.sao.ru/lv/lvgdb
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Table 1. Ten randomly selected galaxies from our augmentation of the LVG, ordered by distance. The columns shown here are the galaxy name, the Vega
asymptotic B-band magnitude, BT , the B-band galactic extinction, AB,gal, the B-band internal extinction, AB, int, the distance modulus to that galaxy, the
method used to determine photometry, and the method used to determine the galaxy’s distance. The BT method code corresponds to the numbered items in
Section 2.1.1. The error bars on the distance moduli represent only the statistical errors on our best-fitting distance moduli, µ?; we discuss additional sources
of errors at length in Section 2.1.3. The electronic version of this table also includes ADS bibliographic codes for source papers and reproduces supergalctic
coordinates and Holmberg radii from Karachentsev et al. (2013). The electronic version of this table will be made public upon request.
Galaxy Name BT AB,gal AB, int DM BT Method Preferred DM Method
LMC 0.91 0.32 0.02 18.48 ± 0.01 1 Eclipsing Binary
MESSIER032 9.03 0.26 0.18 24.21 ± 0.12 1 TRGB
NGC2403 8.93 0.18 0.33 27.51 ± 0.02 1 TRGB
NGC4945 9.30 0.76 1.16 27.73 ± 0.04 2 TRGB
ESO223-009 13.82 1.12 0.02 28.19 ± 0.03 3 TRGB
ESO273-014 12.90 1.32 0.17 29.05 ± 0.25 1 Tully–Fisher
HIJASS J1021+6842 — 0.09 — 29.19 — Membership
NGC4656 10.96 0.06 0.44 29.48 ± 0.37 1 TRGB
DDO217 12.78 0.62 0.11 29.83 ± 0.40 1 Tully–Fisher
NGC2784 11.30 0.93 0.00 29.92 ± 0.12 1 SBF
Table 2. The median intrinsic scatter, σ?, for different unhomogenised dis-
tance measurement methods, taken from galaxies with a large number of
measurements of each type. These values are described in detail in Section
2.1.3. These values only estimate the typical impact of not homogenising
distance measurements and cannot be interpreted as the systematic errors
of these measurement methods.
Method σ? (mag)
Eclipsing Binary 0
TRGB 0.062
Cepheid 0.099
SBF 0.092
Tully–Fisher 0.29
logue that compiles asymptotic B- and Ks-band magnitudes, ex-
tinction corrections, distances, and a range of other properties for
all known galaxies within 11 Mpc from the Milky Way. It is contin-
uously updated as new galaxies are discovered. Below, we describe
how we use this catalogue as well as our updates to its B-band
magnitudes, distances, and extinction corrections using available
information from the literature.
2.1.1 Photometry
The first choice we must make is between using optical B-band
magnitudes and near infrared (NIR) Ks magnitudes. NIR measure-
ments would normally be preferable because they are less affected
by galactic and internal extinction, and they are expected to corre-
late with stellar mass more tightly than optical luminosities (e.g.,
McGaugh & Schombert 2014, and references therein). Further-
more, the existence of the 2MASS all-sky NIR survey (Skrutskie
et al. 2006) would mean that all galaxies would have photometry
which was collected with uniform methodology. Unfortunately, as
noted by Kirby et al. (2008) and McCall (2014), the 2MASS sur-
vey can underestimate absolute magnitudes of nearby galaxies by
up to 2.5 mag in the Ks band, often encountering problems with
low surface brightness galaxies, galaxies that are large and bright,
and galaxies near the edges of survey strips. We find similarly
significant discrepancies when comparing nearby 2MASS magni-
tudes against the high-quality NIR measurements in McGaugh &
Schombert (2014), even when applying identical internal and galac-
tic extinction corrections. Given that the 2MASS survey is the dom-
inant source of NIR photometry in the Local Volume, these issues
motivate us to use B-band magnitudes.
B-band magnitudes pose their own problems. The main issue
is the inhomogeneity of these measurements, which have been col-
lected over almost a century by various authors using data of highly
variable quality and different methodologies. The LVG catalogue
reports a B-band magnitude for almost every galaxy, but in many
cases only very old magnitude estimates are available (e.g., Ames
1930 magnitudes reported via de Vaucouleurs et al. 1991). In cases
where no extant measurements could be found, the LVG authors
report visual estimates of B-band magnitudes by comparing with
galaxies that have qualitatively similar structures.
The most common source for B-band magnitudes in the Local
Volume is the Third Reference Catalog for Bright Galaxies (RC3;
de Vaucouleurs et al. 1991). The RC3 homogenises photometry of
most galaxies into relatively high-quality Vega-magnitude BT mag-
nitudes by extrapolating surface brightness profiles to total asymp-
totic magnitudes with morphology-dependent growth curves. How-
ever, for a subset of galaxies in the RC3, the only existing mag-
nitudes came from much older, pre-CCD photographic surveys
(e.g. Ames 1930; Shapley & Ames 1932; Zwicky et al. 1968). Al-
though RC3 provides average conversions for these magnitudes to
the BT system, all such measurements – labelled mB – have large
(∼ 0.3 − 0.5 mag) systematic and statistical errors.
To improve this, we update the LVG catalogue by perform-
ing an additional literature review on the brightest nearby galaxies
with fiducial LVG distances smaller than 10 Mpc and fiducial LVG
corrected B-band magnitudes brighter than −15. We also consider
galaxies which do not have magnitude entries in the LVG. This
gives us a starting sample of 293 galaxies. First, we identify the
highest quality B-band magnitudes available for each galaxy using
the following multi-step procedure:
(i) We take the BT entries from RC3, where available. This was
done for 167 galaxies.
(ii) For the galaxies remaining after step (i), we search the pho-
tometric surveys used by Karachentsev et al. (2013) along with an
additional ten B-band surveys. In the cases where multiple surveys
report magnitudes, we take the value with the lowest estimated er-
ror. This was done for 61 galaxies.
MNRAS 000, 1–17 (2019)
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(iii) For the galaxies remaining after step (ii), we use NED2, Hy-
perLeda3 (Makarov et al. 2014), and Simbad (Wenger et al. 2000)
to search for asymptotic B-band magnitudes. We also perform ex-
tensive literature reviews on each galaxy in this group to identify
magnitude measurements not placed in one of these databases. This
was done for 25 galaxies.
(iv) For the galaxies remaining after step (iii), we assign magni-
tudes from the mB values in the RC3 or other pre-CCD catalogues.
This was done for 14 galaxies.
(v) For the galaxies remaining after step (iv), we identify galax-
ies with asymptotic ugriz magnitudes using a procedure similar to
steps (ii) and (iii) and convert them to B-band magnitudes through
the relations in Blanton & Roweis (2007). If available, we prioritise
using the g and r bands to do this. This was done for 4 galaxies.
(vi) For the galaxies remaining after step (v), we use visually-
estimated LVG magnitudes where available. This was done for 13
galaxies.
(vii) For the galaxies remaining after step (vi), we use magni-
tudes from Paturel et al. (2000). This was done for 2 galaxies.
At the end of this process, we are left with seven galaxies
which were identified from HI surveys but for which no optical
magnitudes are available in the LVG or in the literature. Several of
these galaxies are within the SDSS footprint. We visually inspected
these fields and found that some of these galaxies were coincident
with bright foreground sources, but for most we could not iden-
tify an optical counterpart. We were able to easily identify optical
counterparts for galaxies slightly below our surface brightness cut-
off (see Section 2.2) using the same procedure, so this indicates that
these galaxies would likely be removed by this cut anyway.
The updated total magnitudes, BT , are provided in a supple-
mentary data table, along with citations. Example entries are shown
in Table 1. In all cases, we manually reverse any internal or exter-
nal extinction corrections applied in the original analysis, so that
we can apply these corrections uniformly to the entire sample and
convert AB magnitudes to Vega magnitudes (where applicable) us-
ing the relations in Willmer (2018).
2.1.2 Extinction
Galaxy light is extinguished when it passes through dust in both the
source galaxy and in the Milky Way. We perform all our analysis
on magnitudes that are corrected for this extinction:
B0T = BT − AB,gal − AB,int. (1)
Here, AB,gal is the B-band galactic extinction which we estimate
from the dust maps of Schlegel et al. (1998) and AB,int is the inter-
nal extinction due to dust in the source galaxy.
We use the internal extinction correction method described in
Karachentsev et al. (2013), which is based on the HI line-width
method of Verheijen (2001). For galaxies without HI measure-
ments, we use the morphology-based internal extinction scheme
from de Vaucouleurs et al. (1991). The de Vaucouleurs et al. (1991)
correction is parametrized as
AB,int =
{
1.5 − 0.03(T − 5)2 log10(b/a) : THubble ≥ 0
0 : THubble < 0
(2)
2 The NASA/IPAC Extragalactic Database (NED) is funded by the Na-
tional Aeronautics and Space Administration and operated by the California
Institute of Technology.
3 http://leda.univ-lyon1.fr
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Figure 1. Comparison between MGC internal extinction corrections (Sec-
tion 2.2, see also Driver et al. 2007) and the local internal extinction cor-
rections used in this paper (see Section 2.1). MGC galaxies are shown as
black points and local galaxies are shown as red points. The medians of
these distributions are shown as blue and red curves, respectively. Only
late-type galaxies are shown because internal extinction depends strongly
on morphology and the Local Volume has a different morphology distri-
bution from the large-scale average. The two approaches agree reasonably
well at the dim end and for bright galaxies with M0B . −20.5, the two most
important regimes for our analysis.
where THubble is the galaxy’s numerical Hubble stage according to
the classification system adopted in RC3 and b/a is the on-sky axis
ratio of that galaxy.
2.1.3 Distances
Rather than manually picking a single distance estimate for each
galaxy, we choose the most reliable distance measurement method
available for each galaxy and combine all measurements with that
method. In the cases of highly discrepant independent distance es-
timates, we select the most reliable one after reviewing details of
the measurements.
First, for each galaxy we collect all distance measurements
with estimated uncertainties available in NED and group these mea-
surements by method. Then, we fit a Gaussian distribution to these
measurements by maximizing the likelihood function
ln (L(µ?, σ2?)) = −
N∑
i
1
2
ln (2pi(σ2? + σ2i )) +
(µ? − µi)2
2(σ2? + σ2i )
. (3)
Here, µ? and σ2? are the mean and variance of the fitted distri-
bution, respectively. µi and σi are the distance and error for each
measurement.
The fit is performed in distance modulus space. At the con-
clusion of this step, every galaxy has distance estimates, µ?, for
a variety of distance methods as well as estimates of the ‘intrin-
sic’ scatter, σ2?, needed to explain the diversity in measurements of
that type. For galaxies with measurement errors consistent with the
scatter between measurements, σ2? will be zero.
MNRAS 000, 1–17 (2019)
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Figure 2. The distribution of surface brightnesses in the MGC spectroscopic
survey and in the Local Volume relative to the 26.5 mag arcsec−2 Holmberg
radius. This plot uses the same colour scheme as Fig. 1. The MGC becomes
incomplete at µHolm & 24.2. A significant fraction of local galaxies are
measured at dimmer surface brightnesses than this limit, necessitating that
a comparable cut be made to this sample. At bright magnitudes the two
samples have qualitatively similar µHolm − M0B trends. Note that some of
the lowest surface brightness galaxies in the LVG use an alternative defini-
tion of surface brightness (see Section 2.1.4). We do not use any of these
galaxies.
We do not manually homogenise measurements (as done, for
example, by Freedman et al. 2019) due to the large number of
galaxies that we analyse. This will manifest itself as a larger dis-
persion in measurements than would be expected from the reported
errors, and thus non-zero values of σ?. To estimate the impact of
this, Table 2 presents the median σ? values for for each method
using only galaxies with at least 5 independent distance measure-
ments and shows that σ? is . 0.1 mag, except for Tully–Fisher-
based distance measurements, which reach σ? = 0.29 mag. Analy-
sis which requires more precise distances than these must manually
homogenise measurements. Note that these values cannot be inter-
preted as systematic errors of these methods: they combine both
modern high-quality measurements with older measurements with
poorly understood systematic uncertainties. Additionally, if many
measurements with the same underlying assumptions are made of
the same galaxy, that galaxy will have a small σ?, regardless of
the true systematic uncertainty. Rather, the values of σ? in Table 2
represent only the global measurement uncertainty due to inhomo-
geneity in the method assumptions used to make them.
Next, we adopt µ? from the method with the lowest uncer-
tainty on the distance modulus. For simplicity we take this uncer-
tainty to be the statistical error on µ? added in quadrature with
the median σ? from Table 2. This almost always prioritises eclips-
ing binary distances over Cepheid and TRGB distances, prioritises
the latter over surface brightness fluctuation distances, and assigns
Tully–Fisher distances the lowest priority. Studies that rely on the
numeric values of these errors will need to perform more detailed
analysis.
A small number of galaxies have no distance measurements
in NED. In these cases, we manually select the highest-quality
distance measurement that we can find using both the LVG dis-
tance estimates and our own literature review. This sometimes re-
quires that distances are reported based on assuming membership
in a nearby group from redshift measurements. About 4 per cent of
galaxies within 10 Mpc have membership-based distances.
Once we have assembled the distances for our entire sample,
we use these distances to compute absolute magnitudes,
M0B = B
0
T − DM . (4)
As a test, we cross-match our sample against the the high qual-
ity distance measurements in Freedman et al. (2019). We find that
our automated method reproduces their distance to the LMC to
within 0.01 mag and that the rms offset between our TRGB dis-
tances and the Freedman et al. (2019) TRGB distances is 0.11 mag.
This number is consistent with the typical uncertainty that we re-
port on our unhomogenised TRGB distances for this sample. While
our method should not be used for applications which need either
extreme precision or thoroughly characterised errors, it produces
distances which are acceptable for the purposes of this study.
After performing this analysis, we identify galaxies which
have particularly large intrinsic scatter, σ?, relative to reported er-
rors and galaxies which are bright but only have low-quality dis-
tance measurements on NED. For these galaxies, we inspected in-
dividual distance estimates and performed additional literature re-
views to find distances not reported on NED. Of particular note
is the Maffei group – a (possible) group of three bright galaxies
which are near the Milky Way, but are heavily obscured by the
Milky Way’s disc. We use distances and extinction measurements
from Anand et al. (2019a) for Maffei 1, Maffei 2 and IC0342. We
choose these measurements due to the careful analysis of galactic
extinction and the corrections that are performed on previous dis-
tance measurements.
We include these combined distances along with errors and ci-
tations in a supplementary data table. Several random entries from
this table are given in Table 1.
2.1.4 Surface Brightness Estimates
Surface brightness profiles are not available for many LVG galax-
ies. The catalogue provides Holmberg radii corresponding to the
the 26.5 mag arcsec−2 isophote, which can be combined with M0
B
to obtain the corresponding surface brightness, µHolm. Some dwarf
galaxies have such low surface brightnesses that measurement of
the 26.5 mag arcsec−2 isophote is not feasible or even possible.
In these cases, the LVG reports the galaxy’s effective radius as
its Holmberg radius. This means galaxies with low surface bright-
nesses may use either radius definition without indication, compli-
cating the evaluation of the associated uncertainty. However, as we
describe in Section 2.2, we do not use galaxies near this surface
brightness limit in our main analysis, although they do appear in
Fig. 2.
2.2 The Millennium Galaxy Catalogue as a Field Galaxy
Sample
The MGC is a 37.5 deg2 B-band galaxy survey (Liske et al. 2003)
which is 96 per cent complete down to B < 20 and 99.6 per cent
MNRAS 000, 1–17 (2019)
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Figure 3. Comparison of the luminosity functions measured in the Local
Volume and in the MGC spectroscopic survey. The red curve shows the
luminosity function within 8 Mpc after a cut on µHolm has been made to
match the MGC cutoff. The blue points show the MGC luminosity function,
the blue curve shows the best-fitting Schechter function, and the dashed blue
line shows this luminosity function with a multiplicative offset of 1.66 to
match the faint end amplitude of local luminosity function. Note that this fit
is provided purely for illustrative purposes: we compare against the MGC
non-parametrically throughout this paper.
complete down to B < 19 (Driver et al. 2005), allowing it to probe
the luminosity function down to MB . −14.5.
The MGC B-band is slightly different from the Johnson B-
band used in the LVG catalogue, so we perform a conversion on all
MGC magnitudes prior to analysis. For a galaxy with known B−V
colour we convert between the two using the relation
B = BMGC − 0.145(B − V) (5)
(Cross et al. 2004). Reliable colours are not available for all galax-
ies in the MGC or the LVG catalogue, so we apply a bulk correction
to the entire MGC sample. We find that the mean B−V colour of the
LVG galaxies within 8 Mpc that have extant V-band measurements
is 0.69 mag with a standard deviation of 0.22 mag, corresponding
to a mean colour-dependent shift of 0.10 ± 0.03 mag. This colour-
dependent uncertainty is subdominant to the per-galaxy error in the
MGC’s zero-point correction of 0.09 mag (Cross et al. 2004), and
thus a more detailed correction is not necessary.
Driver et al. (2007) derived an empirical internal extinction
correction for the MGC by requiring that galaxies with different in-
clinations fall along identical luminosity functions. They performed
separate fits for the extinction in the disc and bulge light compo-
nents:
AB,int,disc = 0.99 (1 − cos i)2.32 (6)
AB,int,bulge = 2.16 (1 − cos i)2.48, (7)
where i is the inclination of the disc. For a known bulge-to-total
light ratio, B/T , this can be converted into a total internal extinction
correction, AB,int.
The bulge-to-total light decomposition is not uniformly avail-
able across the LVG, just as HI line widths and detailed morpho-
logical information are not available for MGC galaxies. This means
that the same internal extinction correction scheme cannot be used
for both samples. We compare AB for our two samples using these
separate correction methods in Fig. 1. We find good agreement at
both very low and very high magnitudes, and a slight disagree-
ment of ≈ 0.15 mag for intermediate magnitudes in the range
−20 < M0
B
< −18. Thus, we do not expect any issues arising from
using different internal extinction corrections in the LVG and MGC
samples.
Surface brightnesses in the LVG are computed using the 26.5
mag arcsec−2 Holmberg radius, a quantity which is not directly
available in the MGC catalogue. We estimate the Holmberg radius
for each galaxy in the MGC by using the GIM2D (Simard et al.
2002) fitting parameters provided by Allen et al. (2006). We com-
pare the distribution of surface brightnesses between the MGC and
LVG in Fig. 2, which shows that the MGC has a surface brightness
completeness limit of µHolm ≈ 24.2.
2.2.1 Constructing the MGC Luminosity Function
To estimate the luminosity function (LF) of the MGC, we first
remove galaxies with surface brightnesses above the MGC limit
(µHolm > 24.2), galaxies outside the redshift range 0.013 < z <
0.18, all galaxies with BMGC,AB > 20, and galaxies with GIM2D
fitting errors which led to bulge fractions ≥ 1 or excessively large
Sérsic indices, n. We found that a cut of n < 90 removes all such
cases.
To correct for Malmqiust bias, we compute the effective vol-
ume within which a galaxy could have been observed in the MGC:
Veff = f
4pi
3
[
min (Rmax, Rlim(B))3 − R3min
]
(8)
f = fΩ · fspec · fGIM2D. (9)
Here, Rmin and Rmax are the comoving distances corresponding to
z = 0.013 and 0.18, respectively, Rlim(B) is the maximum comov-
ing radius at which a galaxy with apparent magnitude B could be
detected within the BMGC,AB = 20 limit. fΩ = 7.48 × 10−4 cor-
rects for the survey area of the MGC, fspec = 0.96 corrects for the
spectroscopic incompleteness at our chosen magnitude limit, and
fGIM2D = 0.985 corrects for galaxies with improper GIM2D fits.
Strictly speaking, spectroscopic completeness and GIM2D reliabil-
ity are functions of apparent magnitude, but we do not model this
due to the small size of the effect.
Finally, we construct a non-parametric cumulative luminosity
function by first computing the absolute magnitude
M0B = B− AB,gal − AB,int −DM −K +2.5×0.75 log10(1+ z). (10)
Here, AB,gal is the galactic extinction correction described in Liske
et al. (2003), AB,int is the internal extinction correction described
above, K is the K-correction described in Driver et al. (2007), DM
is the distance modulus to the galaxy assuming the same cosmology
as our simulations (see Section 3.1), and the last term is the evo-
lution correction from Phillipps & Driver (1995). Next, we place
absolute magnitudes into a very finely binned histogram weighted
by 1/Veff and compute the cumulative sum to get the cumulative
luminosity function.
To determine the completeness limit of the estimated cumu-
lative luminosity function, we compare against the much deeper
LVG. We inspect the ratio of 〈N8,MGC(< M0B)〉/N8,LVG(< M0B) as
a function of M0
B
after removing all galaxies with µHolm > 24.2
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from both samples. Here, 〈N8,MGC(< M0B)〉 is the average num-
ber of galaxies brighter than M0
B
in spheres of 8 Mpc radius es-
timated from the MGC luminosity function, and N8,LVG(< M0B)
is the number of LVG galaxies brighter than M0
B
within 8 Mpc
of the Milky Way. We find that the ratio is roughly constant from
−18 < M0
B
< −15, and then starts to rapidly decrease. We conclude
that the cumulative luminosity function is robust for M0
B
. −15.
Although we will compare against the non-parametric esti-
mate of the cumulative MGC luminosity function throughout this
paper, for reference we provide the best-fitting parameters for its
differential form using the Schechter (1976) approximation
φ(M0B) =
ln 10
2.5
φ?
[
100.4(M?−M0B )
]α+1
exp
[
−100.4(M?−M0B )
]
.
(11)
For the sample with the surface brightness cut of µHolm < 24.2, we
find φ? = 5.270 Mpc−3 mag−1, M? = −20.34, and α = −1.058.
We compare this fit and the underlying MGC data to the luminosity
function of the Local Volume in Fig. 3.
We find that the faint end slope of the Local Volume is identi-
cal to the MGC, although both samples have slopes which change
drastically with surface brightness cutoff for M0
B
& −19 (as also
shown by Driver et al. 2007), so this should not be interpreted as
the ‘true’ faint end slope, and rather as the slope of the subset of
galaxies defined by our surface brightness cut.
3 ΛCDM SIMULATION AND MODELLING METHODS
3.1 The SMDPL Simulation
We use the SMDPL cosmological simulation (Klypin et al. 2016)
which followed the evolution of 38403 particles in a periodic
cube with comoving volume (400 h−1 Mpc)3 assuming cosmo-
logical parameters of h = H0/100 = 0.678, ΩM = 0.307, and
σ8 = 0.829, consistent with constraints from the Planck obser-
vatory. SMDPL was run using the L-GADGET-2 N-body code, a
version of the GADGET-2 code optimised for memory efficiency
(Springel 2005). This simulations uses a Plummer-equivalent force
softening scale of 1.5 h−1kpc and a timestepping parameter of
η = 0.01; for the number of particles and the adopted ΩM , the
particle mass is mp = 9.6 × 107 h−1M .
We perform our analysis using ROCKSTAR halo cata-
logues with CONSISTENT-TREES post-processing (Behroozi et al.
2013a,b), which was first presented for this simulation in
Rodríguez-Puebla et al. (2016).
Throughout this paper we adopt the primary mass definition
used by these catalogues, the overdensity mass Mvir. Mvir is the
bound mass enclosed by the radius corresponding to a density con-
trast of ∆vir (Bryan & Norman 1998). We also use the maximum
mass attained by each halo across its mass accretion history, Mpeak,
to assign absolute magnitudes to haloes using abundance matching.
Our analysis often requires finding haloes located within a
given sphere. Following a commonly used approach, we optimise
this operation by first allocating the haloes to cells in a 3D grid
spanning the simulation box. To determine which haloes lie within
a given sphere, we first determine which grid cells intersect this
sphere and retrieve only the haloes contained in those cells for dis-
tance calculations (see appendix B of Mansfield & Kravtsov 2019
for further discussion).
To aid analysis of the large SMDPL halo catalogues, we per-
formed all analysis on compressed catalogues generated by the
MINNOW code (Mansfield prep). This led to a factor of 10 reduc-
tion in catalogue size and a factor of 103 decrease in read times.
3.2 Luminosity Assignment using Abundance Matching
To assign luminosities to simulated dark matter haloes, we abun-
dance match the MGC luminosity function, estimated as described
above, against the SMDPL Mpeak mass function. Specifically, we
derive a mean Mpeak − M0B relation by abundance matching both
distinct haloes and subhaloes, and we account for the scatter in the
relation using the approach outlined in Kravtsov et al. (2018). We
experimented with the impact of different assumptions about the
scatter in the Mpeak −M0B relation and found that scatter has a neg-
ligible effect on our results. Therefore, to assign luminosities we
simply evaluate the mean relation at a given halo’s Mpeak.
Although abundance matching using Mpeak instead of a
current-epoch mass allows us to sensibly assign luminosities to
subhaloes, Campbell et al. (2018) show that abundance matching
using Vpeak instead of Mpeak leads to satellite fractions and 5 Mpc
correlation functions which are approximately 10 per cent more
accurate at low stellar masses. We chose to use Mpeak because the
convergence testing results of Mansfield & Avestruz (prep) show
that Mpeak is converged to lower resolutions than Vpeak, allowing
us to reach abundances similar to the Local Volume at its com-
pleteness limit.
Although the MGC has a deeper surface brightness cutoff than
many other redshift surveys (see comparison with SDSS and 2dF-
GRS in Cross et al. 2004), Fig. 2 shows that the surface bright-
ness limits of the MGC would begin to miss local galaxies at
M0
B
& −19, in agreement with fig. 16 in Driver et al. (2005).4
This means that for M0
B
& −19, abundance matching will populate
dark matter haloes with underestimated luminosities.
In principle, one solution is to assume a distribution and ex-
trapolate outside the complete regions for the MGC and Local Vol-
ume, as was done in Driver et al. 2005. However, as we discuss in
Section 4, the analysis we perform here does not require this.
4 CHARACTERISING THE LOCAL VOLUME
As discussed in Section 1, some of the most readily apparent fea-
tures of the galaxy distribution in the Local Volume are its flat
sheet-like shape and its large concentration of bright galaxies. Al-
though there are many potential characteristics of the galaxy distri-
bution in the Local Volume one could examine, to avoid the risk of
overspecifying we choose to focus on the simplest properties that
capture these salient features.
To characterise the density of the Local Volume, we measured
the density contrast relative to the MGC survey within spheres of
radius R. However, the density of galaxies in the Local Volume
is strongly dependent on the magnitude limit used. So, we inves-
tigate the density contrasts ∆bright and ∆dim, for bright galaxies
having absolute magnitudes of M0
B
< −20.5 and faint galaxies
with −16 > M0
B
> −18. Namely, we study the density contrast
∆ = n/n¯, where n is the number density of a particular galaxy
sample and n¯ is the mean number density of field galaxies within
the same absolute magnitude and surface brightness ranges in the
MGC sample. The ‘bright’ magnitude limit was chosen to select
4 As discussed in Section 2.2, the MGC uses a different surface brightness
definition, so this comparison must be done by matching faint-end slopes.
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Figure 4. Properties of the Local Volume as a function of distance from the Milky Way and M31. Top left: the ellipsoidal axis ratio c/a of the distribution of
galaxies. Top right: the overdensity ∆ of dim (−18 < M0B < −16) galaxies. Bottom left: the ellipsoidal axis ratio b/a of the distribution of galaxies. Bottom
right: the ratio ∆bright/∆dim, which shows the overabundance of bright galaxies relative to dim galaxies.
galaxies with absolute magnitudes comparable to both that of the
Milky Way, M0
B
≈ −20.7 (Licquia et al. 2015; Bland-Hawthorn &
Gerhard 2016), and to the characteristic absolute magnitude of the
Schechter form of the luminosity function, M? = −20.34 (see Sec-
tion 2.2). The magnitude range of the faint sample was chosen so
that the Local Volume’s density contrast is approximately constant
throughout it. The impact of these choices can be seen in Fig. 6.
To characterise the shape of the Local Volume, we estimate
the ellipsoidal axis ratios for galaxies in a sphere of radius R us-
ing a method that is robust to outliers (see Appendix A). We also
note that our conclusions about the incidence of environments with
LV-like properties in ΛCDM are not sensitive to the method cho-
sen to measure axis ratios. We use all galaxies with M0
B
< −16
to make shape measurements, the same lower limit as used by our
dim sample. We use the standard notation for axis lengths with a, b,
and c referring to ellipsoid axis lengths in decreasing order. Thus,
a highly flattened oblate ellipsoid has small c/a and b/a close to
unity.
Fig. 4 shows ellipsoidal axis ratios, the density contrast of dim
galaxies, and the ratio of density contrasts of dim and bright galax-
ies as a function of distance from the Milky Way. We also show
these properties for M31-centric distances to indicate how robust
the measurements are to small displacements. We choose the dis-
tance of 8 Mpc as our fiducial definition of the sample for several
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Table 3. Properties of the Local Volume within 8 Mpc of the Milky Way
and M31. The quantities c/a and b/a are the axis ratios of the ellipses, and
∆dim and ∆bright are the density contrasts of dim and bright galaxies relative
to the MGC spectroscopic survey, respectively. These quantities are centred
on both the Milky Way and M31 to give a simple estimate of the robustness
of these measurements to small displacements.
Galaxy c/a b/a ∆dim ∆bright
Milky Way 0.163 0.786 1.699 5.190
M31 0.204 0.751 1.605 4.718
reasons. First, the peculiar velocity dispersion of galaxies in the
observed ‘Local Sheet’ is small within ≈ 7 − 8 Mpc, but increases
sharply beyond this distance (Tully et al. 2008; Karachentsev et al.
2015; Anand et al. 2019b). Second, as is shown in Fig. 4, the c/a
axis ratio of the galaxy distribution also increases rapidly beyond
this radius. Lastly, Mansfield & Kravtsov (2019) showed that den-
sity estimated in spheres of radius R ≈ 7 − 8 Mpc correlates with
halo ages more strongly than density measured at any other scale.
We summarise the properties of the Local Volume under our
fiducial definition in Table 3. In addition, Fig. 5 shows the cu-
mulative distance distribution of galaxies in the bright sample.
The figure shows four bright galaxies at distances of 3 − 5 Mpc.
These galaxies are referred to as the ‘Council of Giants’ by McCall
(2014), although in Fig. 5 the Council is diminished by the revi-
sion of the distances to the Maffei 1 and Maffei 2 galaxies to 5.73
Mpc (Anand et al. 2019a). In fact, both Maffei 1 and Maffei 2 are
dimmer than our -20.5 magnitude limit for the bright sample. This
is because Maffei 1 – the central galaxy of the Maffei group – is
a late-type galaxy, which has a low mass-to-light ratio at optical
wavelengths. The NIR luminosity of Maffei 1 implies that it has
one of the largest stellar masses in the Local Volume, but it can-
not be included while still using the MGC luminosity function as a
reference. We also note that the Council of Giants described in Mc-
Call (2014) includes galaxies down to M0
B
≈ −19.5, considerably
fainter than the fiducial limit of the bright sample we use.
The concentration of bright galaxies in the Local Volume
is also apparent or noted in the results of several recent studies
(Karachentsev & Kudrya 2014; Klypin et al. 2015; Kourkchi &
Tully 2017). As Fig. 5 shows, in addition to the Council of Giants
there is a another concentration of galaxies at > 7.5 Mpc that con-
tains about half of the bright sample. To the best of our knowledge,
there are no previous estimates of how frequently these sorts of
bright galaxy concentrations are expected in a ΛCDM cosmology.
Simply estimating Poisson errors in high-luminosity bins is not suf-
ficient to estimate the significance due to the existence of halo bias,
which induces correlations in number density fluctuations across
halo mass bins (see, e.g., Hu & Kravtsov 2003, for detailed discus-
sion).
5 ARE THE PROPERTIES OF THE LOCAL VOLUME
UNUSUAL?
Once we have quantified the properties of the Local Volume, we
can compare them to the predictions of ΛCDM. To do this, we
compare the axis ratios and density contrasts of the bright and
dim galaxies estimated in the Local Volume with the distribution
of the corresponding properties for Local Volume analogues in the
SMDPL cosmological simulation.
In SMDPL, Local Volume analogues are spheres centred on
0 2 4 6 8 10
D (Mpc)
0
2
4
6
8
10
12
14
N
(<
D
)
Figure 5. The cumulative distribution of bright galaxies (MB < −20.5)
in the Local Volume, out to 10 Mpc from the Milky Way. A concentration
of galaxies is apparent between 3 − 5 Mpc, which was referred to as the
‘Council of Giants’ by McCall (2014). Another concentration is present at
D > 7.5 Mpc.
Milky Way analogues, which are defined to be haloes with absolute
magnitudes assigned using abundance matching (see Section 3.2)
in the range −20.5 > M0
B
> −21.25 and located ≥ 17 Mpc from
any halo with Mvir > 1× 1014h−1M . The latter condition mimics
the Milky Way’s isolation from massive clusters. We tested other
typical requirements for Local Volume analogues, but deemed them
to have little effect on the distribution of environment properties
(see Appendix B).
The blue curve in Fig. 6 shows the density contrast of galaxies
brighter than a given magnitude limit in the Local Volume relative
to the density contrast of dim galaxies, ∆(< M0
B
)/∆dim, using the
dim magnitude range defined in Section 4. This curve is compared
against the distribution of equivalently defined ratios measured for
the LV analogues in the SMDPL simulation with an additional re-
quirement that ∆dim ∈ [1.5, 2], similar to the ∆dim we estimated for
the Local Volume. The grey contours indicate the 1σ, 2σ, and 3σ
levels of this distribution.
Fig. 6 shows that there is a ≈ 2.5σ fluctuation of relative den-
sity contrasts at M0
B
≈ −20.5. We show this fluctuation at our fidu-
cial distance definition of D = 8 Mpc in Fig. 6 and as a function of
distance in Fig. 7. Both figures confirm that the Local Volume has
an uncommon, but not exceedingly rare, overabundance of bright
galaxies, which can be interpreted either as a fluctuation of bright
galaxies or as a local change in the characteristic luminosity of the
LF (e.g., Eardley et al. 2015). Fig. 7 also shows that the ∼ 3 − 5
Mpc ‘Council of Giants’ is a ≈ 1.5σ fluctuation. It is the concen-
tration of galaxies at 8−10 Mpc that is considerably more unusual,
making the Local Volume a ≈ 2.5σ outlier.
To investigate the likelihood of the Local Volume’s other prop-
erties, we also show the 2D joint distributions of ∆dim, ∆bright, c/a,
and b/a for simulated LV analogues in Fig. 8. These analogues
are selected with the same criteria as above, but without restricting
∆dim to the range [1.5, 2] as was done in Figs. 6 and 7. Fig. 8 shows
that the Local Volume’s ∆dim combined with each of its axis ratios
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Figure 6. The density contrast of bright galaxies in the Local Volume rel-
ative to the density contrast of dim galaxies. The blue curve shows the
density contrast brighter than the corresponding magnitude within R = 8
Mpc of the Milky Way, normalised by the density contrast measured at
−18 < M0
B,dim < −16. The grey contours show the percentiles of the
distribution corresponding to 1, 2, and 3 standard deviations for simu-
lated Local Volume analogues. Here, Local Volume analogues are spher-
ical volumes surrounding Milky Way-like haloes (as defined in Section
4), which also have a Local Volume-like density contrast of faint galaxies
(1.5 ≤ ∆dim ≤ 2). Luminosity in the analogues is assigned by abundance
matching against the MGC luminosity function.
is quite typical in ΛCDM. Both axis ratios together result in a sig-
nificance of ≈ 1σ, and the figure shows that the Local Volume is a
≈ 2σ outlier in the ∆bright − ∆dim parameter space.
To quantify the incidence of the LV-like environments, we
present the fractions of LV analogues with probability densities
smaller than that of the Local Volume in Table 4. These numbers
correspond to the probability isodensity contours that intersect the
Local Volume values in the corresponding joint distributions. To es-
timate probability density, we use ellipsoidal Epanechnikov kernels
with axes scaled relative to the marginalised standard deviation, si ,
in each dimension, i. Our convergence testing showed that den-
sity estimates near the Local Volume had low sampling error and
were independent of kernel axis length, hi , for hi ∼ 0.25 si for our
2D distributions and hi ∼ 0.75 si for our 3D distributions, so we
adopted these kernel sizes. Although all the probabilities cited in
Table 4 use these kernel density estimates, we find that the 68.27%
and 95.45% contours of our 2D distributions are unchanged if den-
sity is estimated by linearly interpolating 2D histograms.
The numbers in Table 4 show that the Local Volume is ≈ 2 −
2.5σ outlier in the distributions of b/a −∆bright/∆dim and in c/a −
b/a − ∆bright/∆dim. Given the results in Figs. 6 and 7, the main
quantity determining these results is the relative density contrast of
bright to faint galaxies, ∆bright/∆dim.
A related question is the probability for simulated Milky
Way-like haloes to have environments with properties that are
more extreme than those of the Local Volume, such as p(c/a ≤
0.163, b/a ≥ 0.786) (see Table 3). This is a separate question be-
cause the points lying along the same isodensity contour of the joint
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Figure 7. The same as Fig. 6, but as a function of the outer distance used to
define the Local Volume sample and LV analogues. The bright galaxy sam-
ple is defined using a constant M0B < −20.5 cutoff at all distances. At and
above our fiducial Local Volume definition, D = 8 Mpc, the ∆bright/∆dim
fluctuation is at the ≈ 2.5σ level. The bright galaxy fluctuation near the
∼ 3 − 5 Mpc ‘Council of Giants’ identified by McCall (2014) is at the
≈ 1.5σ level.
distribution can have combinations of c/a and b/a completely dif-
ferent from those of the Local Volume. This probability can be es-
timated by integrating the joint pdf in the region of c/a ≤ 0.163
and b/a ≥ 0.786 and dividing it by the integral over the entire
pdf for normalisation. We find that the probability for the c/a and
b/a values to be in these ranges is ≈ 0.0094. We also find that
the probability for simulated environments to have an overabun-
dance of bright galaxies in the ranges ∆bright ≥ ∆bright,MW and
∆dim ≤ ∆dim,MW is ≈ 0.0009. Environments which require both
the axis ratios and the overabundance to be in these ranges have a
probability of ≈ 1.2 × 10−5.
However, one must be cautious when estimating and interpret-
ing such probabilities. As we discuss in Section 6.1, even environ-
ments with common properties can appear rare with such method-
ology, because unlike probability estimates based on isodensity
contours, estimates based on integrating over rectangular regions
will always decrease with increasing number of dimensions.
6 DISCUSSION
Here we discuss the results of our study in the context of previ-
ous work, the effect of biases in the B-band magnitudes we used,
some immediate implications for nearby satellite searches, and the
prospects for selecting Local Volume analogues in cosmological
simulations.
6.1 Comparisons with previous work
Our estimate of the density contrast of faint galaxies can be com-
pared with the results of Klypin et al. (2015), who concluded that
the number density of galaxies with MB > −20 was close to the
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Figure 8. Distributions of properties of Local Volume analogues in the SMDPL simulation, abundance matched using the M0B MGC luminosity function.
Each spherical volume used to construct the distribution has radius 8 Mpc and is centred on a Milky Way analogue, which are taken to be haloes with
−21.25 < M0B < −20.5 that are farther than 17 Mpc from haloes with Mvir > 1 × 1014h−1M . Contours show the 95.45th and 68.27th percentiles.
Corresponding measurements for the Milky Way and M31 are indicated with red stars and red triangles, respectively. Top left: the density contrast of bright
haloes, ∆bright, versus that of faint haloes, ∆dim. Top right: the axis ratio b/a versus ∆dim. Bottom left: the axis ratio c/a versus ∆dim. Bottom right: the axis
ratio c/a versus the ratio b/a.
mean number density of galaxies in this luminosity range at z ≈ 0
(see their fig. 4 and associated discussion in their section 2.2). This
is rather different from our estimate of the density contrasts, with
∆dim ≈ 1.7 and ∆bright ≈ 5.2 within 8 Mpc and ∆dim ≈ 3.5 and
∆bright ≈ 14 within 5 Mpc of the Milky Way. This difference can
also be seen directly in Fig. 3. Our estimate thus indicates that the
Local Sheet is a rather dense structure, especially if we take into
account that overdensities are estimated in spheres, while the dis-
tribution of galaxies (and presumably mass) in the Local Sheet is
flattened.
We compared the luminosity function (LF) of LV galaxies that
we measured to the LF estimated by Klypin et al. (2015) and find
that the shapes of the two LFs are in good agreement, but our LF
is shifted to brighter magnitudes by ≈ 0.2 − 0.3 mag. This is likely
due mostly to the internal extinction correction that we apply to
the magnitudes, although part of the difference may arise from the
updated values of the BT magnitudes that we use. Note that we
have applied internal extinction corrections for our local LF and
the reference LF of the MGC galaxies (see Fig. 1 and Sections 2.1.2
and 2.2) for a fair comparison. An additional significant difference
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Table 4. The fraction of LV analogues in SMDPL with probability densi-
ties smaller than the Local Volume for a variety of properties. See Section
5 for further discussion. The reported errors are estimated from bootstrap
resampling and do not account for measurement uncertainties or modelling
uncertainties from abundance matching.
Variables p
∆bright, ∆dim 0.078 ± 0.004
∆bright/∆dim, ∆dim 0.036 ± 0.004
c/a, ∆dim 0.83 ± 0.01
b/a, ∆dim 0.55 ± 0.01
b/a, ∆bright/∆dim 0.016 ± 0.001
c/a, b/a 0.20 ± 0.01
c/a, b/a, ∆bright 0.082 ± 0.005
c/a, b/a, ∆bright/∆dim 0.022 ± 0.002
in the estimate of the local density contrast is in the reference LF.
We use the MGC catalogue with B-band photometry close to the
Johnson B-band used for the LV galaxies. Thus, although we apply
a correction to bring the magnitudes to the Johnson B-band, this
correction is only ≈ 0.1 mag on average (see Section 2.2). Klypin
et al. (2015), on the other hand, compare to LFs measured using
g-band SDSS (Blanton et al. 2005) and bJ 2dFRGS photometry
(Norberg et al. 2002) which require corrections that are larger by
a factor of two. Additionally, we use the same surface brightness
cut in both our local sample and our reference LF, while Klypin
et al. (2015) assume that the local sample is complete at all surface
brightnesses and use a references LF which models the distribution
of luminosities beyond its surface brightness limit.
Although Klypin et al. (2015) note that the abundance of
bright galaxies is larger than the mean, they did not quantify the dif-
ference or its significance. As mentioned in Section 1, the ‘jump’
in the abundance of galaxies above the knee of the luminosity or
mass function was also noted by Karachentsev & Kudrya (2014)
and Kourkchi & Tully (2017), while McCall (2014) discussed the
‘Council of Giants’ – several bright galaxies at distances of 3 − 5
Mpc from the Milky Way. None of these studies, however, esti-
mated the overdensity of bright galaxies relative to the mean den-
sity of galaxies of similar luminosities.
Goh et al. (2019) have studied the incidence of LV-like envi-
ronments in the Bolshoi-Planck simulation (Klypin et al. 2011) and
concluded that such environments are exceedingly rare in ΛCDM.
Their procedure for identifying LV analogues in simulations was
to first identify ‘wall’ structures in the dark matter distribution us-
ing the morphological structure classification algorithm of Aragón-
Calvo et al. (2010) and to then select LV analogues among identi-
fied ‘wall’ regions of radius ≈ 3 − 5 Mpc using an additional set
of criteria (see their section 3.2). One of the criteria used was that
the density within the wall was 0.8 − 1.2 times the mean density
of the universe. In addition, they required that each wall contains
at least one halo in the the mass range 0.7 − 1.3 × 1012 M and a
number of other criteria such as the existence of a pair of haloes,
the separation between them, etc. We believe that the conclusion of
Goh et al. (2019) about the extreme rarity of the Local Sheet was
largely due to the restrictive set of many criteria and the method
used to estimate the incidence of LV-like environments in ΛCDM
in such a high number of dimensions. This is an important point
because similar approaches for estimating the incidence of systems
with specific properties arise in other contexts, such as estimating
the rarity of ‘satellite planes’ (see, e.g. Pawlowski 2018).
The issue is that the probability of LV-like environments is
defined as the fraction of haloes within some set of selection cri-
teria or, equivalently, by integrating the pdf within a small, high-
dimensional rectangular volume. This fraction will decrease rapidly
as the number of criteria (again, the dimensionality of the param-
eter space) increases. Thus, if the number of criteria is large and
they are restrictive the probability is guaranteed to be small. This
is akin to identifying a person by a set of characteristics: the more
characteristics we use, the more uniquely we identify the person in
a very large population. We illustrate this at the end of Section 5.
To be fair, Goh et al. (2019) do consider the incidence of Local
Volume properties using smaller numbers of restrictions. In particu-
lar, they consider the rarity of ‘wall’-type environments without ad-
ditional restrictive constraints and point out that only ≈ 25 per cent
of Milky Way-sized haloes reside in wall regions, which is similar
to our estimate that 20 per cent of LV analogues lie outside the iso-
density contour that intersects the Local Volume in c/a−b/a space
(see Table 4). However, Goh et al. (2019) then point out that only 12
per cent of walls have density contrast in the range [0.8−1.2], which
makes the Local Volume fairly rare in their assessment. However,
using such density restriction suffers from the issue we described
above.
We emphasize that our approach to estimating the incidence of
the LV-like environments is qualitatively different from that of Goh
et al. (2019). We construct the full distribution of the corresponding
environmental properties around Milky Way-sized haloes in simu-
lation. These distributions are well sampled in the SMDPL sim-
ulation and allow us to robustly measure the isodensity contours
enclosing a given fraction of the total integral of the distribution.
We can then find the isodensity contour which intersects the loca-
tion of the Local Volume in this parameter space to gauge how rare
it is in the ΛCDM cosmology. As long as the distribution is suffi-
ciently sampled to identify the isodensity contours accurately, this
approach does not depend on the dimensionality of the distribution.
Indeed, the incidence of Local Volume analogues that we estimate
in the distribution of c/a − b/a − ∆bright/∆dim or its marginalised
distribution of b/a − ∆bright/∆dim is comparable (see Table 4).
It is using this approach that we conclude that Local Volume
is ≈ 2 − 2.5σ outlier compared to the expectation of ΛCDM cos-
mology. The most unusual property of the Local Volume that is
the main factor behind this conclusion is its bright-to-faint galaxy
contrast, ∆bright/∆dim.
6.2 The Impact of Incompleteness and Biases in RC3
Magnitudes
As discussed at length in Section 2.1.1, optical photometry in the
Local Volume has been collected piecemeal over many decades
with a variety of different measurement techniques.
One potential bias in our measurements is the completeness
of the local census of dim galaxies. If the sample is significantly
incomplete at −16 > M0
B
> −18, this would increase the ratio
∆bright/∆dim, making the Local Volume appear more significant.
However, as we show in Fig. 3, the faint-end slope in the Local
Volume matches the MGC spectroscopic survey. Additionally, we
tested the impact of dust obscuration from the Milky Way’s disc
and found that the slope of the Local Volume’s luminosity function
was the same both inside and outside the Milky Way’s ≈ 15◦ ‘zone
of exclusion’ down to M0
B
≈ −15. This is mainly due to our strict
surface brightness cut, which leaves only more compact galaxies
that are less likely to be missed due to disc obscuration.
As discussed above, the fact that the MGC (and all spectro-
scopic surveys) are incomplete below a cutoff surface brightness re-
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sults in systematically underestimated magnitudes for M0
B
& −19.
However, as can be seen in Figs. 3 and 6, the density contrast of the
Local Volume relative to the MGC is fairly constant at M0
B
& −18,
meaning that any density contrast measured for sufficiently dim
galaxies or sufficiently low-mass haloes will be similar regardless
of the absolute magnitude limit. The same is true for the shape of
the Local Volume. Fortunately, brighter galaxies are unaffected by
surface brightness cutoffs, allowing us to centre these Local Vol-
ume analogues on true Milky Way analogues.
The inhomogeneity of Local Volume photometry is another
potential bias. Our sample is dominated by asymptotic magni-
tudes measured in the RC3 catalogue (de Vaucouleurs et al. 1991).
The asymptotic magnitudes in RC3 are estimated using empirical
morphology-dependent growth curves designed to minimize sur-
face brightness residuals for each Hubble index, T (Buta et al.
1995). However, these growth curves are less flexible than those
typically used by modern surveys, and the fits performed in RC3
are often done using sparse and/or small-radius aperture magni-
tudes, making it possible that RC3 magnitudes are systematically
biased.
Indeed, Prugniel & Heraudeau (1998) found that RC3 mag-
nitudes were systematically dimmer by 0.06 mag than magnitudes
measured with growth curves which were linear combinations of
exponential and de Vaucouleurs profiles. Furthermore, Franco-
Balderas et al. (2004) found that RC3 magnitudes were 0.12 mag
dimmer than the total magnitudes they measured, while Young
(2004) found an apparent magnitude-dependent offset, with RC3
magnitudes being 0.03 mag brighter compared to their estimates at
dim magnitudes and up to 0.5 mag dimmer at the brightest magni-
tudes. However, their bright galaxy sample is small, and no other
study has found such a large offset. We perform a similar test, cross-
matching the RC3 against the high quality photometry in McGaugh
& Schombert (2014). We find that RC3 magnitudes are 0.06 mag
dimmer. While a direct comparison between MGC and RC3 would
be ideal for this study, we could only identify four MGC galaxies
with BT entries in RC3, meaning that no statistically meaningful
comparison can be done.
From this literature review, we can conclude that RC3 BT
magnitudes are likely to be 0.06 − 0.12 mag dimmer than more
modern total magnitude estimates. To test the impact of such a bias
on our results, we redid our analysis after applying shifts to all our
RC3-based BT magnitudes ranging from zero to 0.15 mag. We find
that systematic biases & 0.06 mag start to increase the significance
of the overabundance of bright galaxies. With no systematic bias,
99.0 per cent of SMDPL analogues have ∆bright/∆dim smaller than
that of the Local Volume. This increases to 99.7 per cent if there
is a 0.06 mag bias and 99.83 per cent if there is a 0.12 mag bias.
When we implement the more extreme bias model argued for by
Young (2004), the significance reaches 99.93 per cent.
Due to the uncertainty in the exact amount of bias in RC3 BT
magnitudes, as well as the unknown biases in other significant mag-
nitude sources, like pre-RC3 surveys or RC3 mB magnitudes, we
do not attempt to explicitly homogenise the zero points of our dif-
ferent magnitude sources. However, we note that the significance
of the local overabundance of bright galaxies could substantially
increase when this is done, and that such homogenisation may be
necessary for future studies. An all-sky survey with homogeneous
photometry, such as the survey expected from the WFIRST mis-
sion, would be ideal to put characterisation of the LV properties on
firmer footing.
Table 5. The 27 bright (M0B < M?) Milky Way analogues within 11
Mpc categorised by their suitability for future satellite searches. Galaxies
are ordered by increasing distance. Category (1) contains galaxies with ex-
isting deep (MV , lim ≤ −10) satellite surveys. Category (2) contains galax-
ies which have extensive satellite candidate searches from Carlsten et al.
(2019). Category (3) contains galaxies which are within 15◦ of the galactic
disc and would make poor candidates for searches due to heavy extinc-
tion. Category (4) contains early-type galaxies. Category (5) contains the
remaining late-type galaxies. The galaxies in groups (2), (4), and (5) are
prime targets for future satellite searches.
Category Galaxy names
(1) Milky Way, M31, CenA, M81, M101, M96
(2) NGC4631, M51, M104
(3) IC0342, NGC6946, Maffei1, UGCA127
(4) NGC3115
(5) NGC4845, M83, M106, NGC2903, M63, M108,
NGC1291, NGC0891, NGC2683, NGC6744,
M74, NGC3115, M66
6.3 Targets for Satellite Searches
A number of studies carrying out deep satellite searches around
Milky Way analogues in the Local Volume are currenly underway
(Smercina et al. 2018; Crnojevic´ et al. 2019; Bennet et al. 2019;
Carlsten et al. 2019). This should significantly increase the number
of systems with well-resolved satellite populations which will al-
low for higher-precision measurements of satellite radial distribu-
tions and the variation in satellite luminosity function amplitudes
(Bennet et al. 2019). The expanded satellite samples should also
result in better characterisation of the properties and incidence of
the ‘satellite planes’ (Pawlowski 2018).
The high abundance of bright galaxies discussed in Section 5
means that there are a large number of targets for such searches.
Using the updates to the LVG from this study, in Table 5 we list the
galaxies within 11 Mpc and with M0
B
< M? – i.e., properties sim-
ilar to those included in the literature review presented by Bennet
et al. (2019). This distance threshold is within the range of TRGB
distance measurements and the luminosity threshold selects galax-
ies comparable to or brighter than the Milky Way.
Among the 27 galaxies listed in Table 5, six already have deep
satellite surveys, and four are within the Milk Way’s zone of ex-
clusion. The remaining 17 are good candidates for future satellite
searches, three of which have already had a large number of candi-
date satellites identified by Carlsten et al. (2019).
6.4 The Prospects of Selecting Milky Way-Like
Environments
As discussed in Section 1, modelling the Milky Way and its neigh-
bours often requires selecting analogues from simulations. Most
often analogues are selected simply to have virial masses similar
to that of the Milky Way. Some studies include additional crite-
ria, such as membership in a Local Group-like pair and isolation
from Virgo-like galaxy clusters. As spectroscopic surveys, such as
SAGA (Geha et al. 2017) and DESI (DESI Collaboration et al.
2016), begin to allow deep studies of galaxy-scale satellite sys-
tems outside the Local Volume, similar observational selections
will need to be made for certain classes of science targets.
Our study is an important component of such attempts because
it characterises key components of the local environment. However,
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which features of the environment have the meaningful impacts on
which galaxy and halo properties is a field of active research and is
not yet settled, meaning that our work on its own cannot be fully
prescriptive. Below we discuss several considerations for the ongo-
ing effort to better select environments similar to the Local Volume.
Galaxy clusters generally affect their nearby environments
significantly, making criteria based on galaxy cluster locality par-
ticularly meaningful. The large tidal fields of these clusters can
stunt the growth of even distant haloes and are known to impact
the formation history and characteristics of nearby haloes (see re-
view in Mansfield & Kravtsov 2019). In Appendix B we show how
such cuts affect the distribution environment properties. Addition-
ally, studies of local velocity fields have shown that the presence
of the Virgo cluster may affect the dynamics of galaxies in the Lo-
cal Volume even at ≈17 Mpc away (see, e.g., Shaya & Tully 2013;
Shaya et al. 2017).
Another common selection criterion requires that Milky Way
analogues are isolated from similarly massive galaxies (with the
possible exception of an M31-like counterpart, e.g., Garrison-
Kimmel et al. 2014; Griffen et al. 2016; Goh et al. 2019). However,
using such isolation criteria will likely select against regions with
a high density of bright galaxies. There is nothing wrong about
studying galaxies in these environments, but when making com-
parisons one has to be aware that such environments are system-
atically different from the Local Volume. In particular, the den-
sity of bright galaxies at distances & 8 Mpc is known to corre-
late quite strongly with halo properties. For example, Mansfield &
Kravtsov (2019) showed that dark matter haloes in regions with
∆(R = 7.5 Mpc) & 2.16 have truncated accretion histories and
smaller scale radii due to the strong tidal fields and gravitational
heating in these environments.
The shape of the distribution of galaxies in the Local Sheet
and Local Supercluster may also impact the properties of galaxies
in the Local Volume, as large-scale tidal anisotropy is a strong pre-
dictor of halo properties (Paranjape et al. 2018; Ramakrishnan et al.
2019), the anisotropies of satellite distributions (Libeskind et al.
2015), and the amplitude of the satellite luminosity function (Guo
et al. 2015), although the extent to which this is uniquely caused
by large-scale anisotropy is unclear (Goh et al. 2019; Mansfield &
Kravtsov 2019). Given that the distribution of galaxies in the Local
Volume is uncommonly flattened (See Table 3 and Fig. 8), the most
conservative practice for selecting Milky Way analogues would be
to match the axis ratios of the local galaxy distribution in addition
to the local overdensity.
Thus, for comparisons with the Milky Way and other galaxies
in the Local Volume, our results suggest selecting environments
that are similarly flattened and are as crowded in bright galax-
ies as the Local Volume, while also being isolated from galaxy-
cluster mass haloes, although the exact impact of each of these
criteria requires further study. Given that such environments are
fairly uncommon and may be difficult to identify for zoom-in res-
imulations of boxes with relatively small size, it is worth explor-
ing approaches that can produce Local Volume-like environments
by modifying cosmological initial conditions appropriately (Roth
et al. 2016; Pontzen et al. 2017; Rey & Pontzen 2018).
7 CONCLUSIONS
In this study we quantify the ellipsoidal axis ratios and overdensity
of the distribution of faint and bright galaxies in the ‘Local Sheet.’
We use the Local Volume Galaxy catalogue of Karachentsev et al.
(2013), in which we updated distances and apparent B-band mag-
nitudes for many galaxies (see Section 2.1). We then compare the
estimated axis ratios and density contrasts with the distribution of
these quantities expected for theΛCDM cosmology in Section 5 us-
ing halo catalogues from the SMDPL simulation (Section 3.1) with
luminosities assigned using abundance matching (Section 3.2). Our
results and conclusions are as follows:
• The estimated axis ratios are c/a ≈ 0.16 and b/a ≈ 0.79
within 8 Mpc, indicating that the distribution of galaxies in the
Local Volume can be approximated by a flattened oblate ellip-
soid, consistent with the ‘sheet’-like configuration noted in previ-
ous studies (Tully et al. 2008; Karachentsev et al. 2015).
• In contrast with previous studies, which estimated that the Lo-
cal Sheet has a density close to average, we find that the number
density of faint galaxies (−18 < M0
B
< −16) within 8 Mpc of the
Milky Way is ≈ 1.7 times denser than the mean number density of
galaxies of the same luminosity, while the number density of bright
galaxies (M0
B
< −20.5) is ≈ 5.2 times larger than the mean. This
confirms the large abundance of bright galaxies in the Local Vol-
ume which has been qualitatively noted by previous studies (see
Section 1), but we also quantify this concentration relative to the
expectations of ΛCDM.
• Comparison with simulations (Section 5) shows that the axis
ratios and overabundance of bright-to-dim galaxies, ∆bright/∆dim,
of the Local Volume are not exceedingly rare in the ΛCDM model,
but they are not typical either. The estimated ∆bright/∆dim ≈ 3
alone makes our neighbourhood a ∼ 2.5σ outlier in the distribu-
tion of corresponding values in ΛCDM (Figs. 7 and 8 and Table
4), and is the most unusual property of the Local Volume that we
considered.
• The overabundance of bright galaxies is most significant at
larger radii. Although the density contrast of bright galaxies relative
to dim galaxies is largest within 4 Mpc of the Milky Way, such an
overabundance is more common in ΛCDM.
Our results indicate that the cosmic neighbourhood of the
Milky Way is considerably more crowded with bright galaxies than
is typical for galaxies of similar luminosity. The impact of the pecu-
liar properties of our neighbourhood on the properties of the Milky
Way and other nearby galaxies is not yet understood and warrants
further study.
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APPENDIX A: ESTIMATING AXIS RATIOS
The most common way to to estimate the shape of a distribution
of point masses is to measure the eigenvalues of the shape tensor,
Mi j5:
Mi j =
∑
k
(rk )i(rk )jwk . (A1)
Here, k indexes over points in a spherical volume, rk is the dis-
placement of the k th point from the centre of the distribution and
wk is the weight for that point, which we take to be unity.
In the limit of large k, a uniform-density ellipsoid with axis
lengths al will have the eigenvalues
λl =
(∑
k
wk
)
a2l /5. (A2)
However, because each point is weighted by r2, this method is
5 The shape tensor is also called the mass distribution tensor. The inertia
tensor is defined differently and has different eigenvalues, but can be used
in similar ways.
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Figure A1. Comparison of two different methods of estimating ellipsoidal
axis ratios for the distribution of galaxies within 5 Mpc of the Milky Way.
Large black circles show bright galaxies with M0B < −20.5, and smaller
black dots show dwarf galaxies with M0B < −16. These galaxies have
been transformed into a coordinate system aligned with the minor and major
eigenvectors of the distribution. The red and blue ellipses have the axis ra-
tios inferred by the standard shape tensor method and by the median eigen-
value method, respectively (see Appendix A for details). Both ellipses have
been scaled to have the same major axis length to aid comparison. The un-
weighted shape tensor estimate is more sensitive to outliers at the outksirts
of the distribution compared to the median method and therefore results
in a less flattened ellipsoid. Typical modifications to the unweighted shape
tensor method make it less sensitive to outliers, but are not possible in the
Local Volume for reasons we describe in Appendix A.
very sensitive to outliers. We find that this sensitivity is particularly
strong in estimating the shape of the galaxy distribution in the Local
Volume. Fig. A1 shows that while this distribution is visually quite
flattened, the axis ratio estimated from the unweighted shape tensor
is less flat, primarily due to a small number of outlier galaxies.
There are two widely used methods for reducing sensitivity to
objects at the outskirts of the distribution: assigning inverse-square
weights, wk = r−2k , and applying an iterative algorithm where sub-
sequent shapes are measured using only points within the surface
defined by the previous iteration (See Zemp et al. 2011 for more
details). Neither of these approaches is applicable to the Local Vol-
ume galaxies. Using wk = r−2k gives unphysical axis ratios as the
shape tensor is completely dominated by the Milky Way’s satellite
distribution: when local axis ratios are measured as a function of
limiting magnitude, there are sharp changes in the distribution ev-
ery time a Milky Way satellite enters the sample. Even if the Milky
Way’s satellites are explicitly removed from the sample, the same
becomes true for the satellites of M31. Additionally, we find that
the iterative method does not consistently converge for point distri-
butions as sparse as the ones considered here.
To estimate the shape of the galaxy distribution in the Lo-
cal Volume we thus use a different estimate for the axis ratios.
First, we measure the eigenvectors of Mi j and transform our points
into a coordinate system which aligns with these axes. We then
measure the median distance from the origin along each axis i:
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Figure A2. The same as the lower right panel of Fig. 8, except using un-
weighted shape tensor eignevalues to measure axis ratios.
mi = median(|xi |). We take the axis ratios of the distribution to
be mi/mj for each pair of axes i, j . We favor this method for two
reasons. First, it more accurately captures the qualitative shape of
the Local Volume, as shown in Fig. A1. Second, it is much less
sensitive to outliers: the sampling error on axis ratios estimated by
bootstrap resampling is a factor of 50 per cent smaller when us-
ing this median axis ratios method than when using a traditional
method.
Although the median axis method is our preferred method for
measuring axis ratios, this choice does not affect our significance
estimates. In Fig. A2 we compare the axis ratios of the Local Vol-
ume to the distribution of axis ratios measured in SMDPL using
unweighted shape tensors. This is a direct analogue to the lower
right hand panel of Fig. 8. In both cases, the shape of the Local
Volume is oblate and lies close to the ≈ 1σ contour of the SMDPL
distribution.
APPENDIX B: THE EFFECT OF ISOLATION CRITERIA
For our fiducial analysis, we identify Milky Way-like analogues in
SMDPL simulation using two criteria: the haloes must abundance
match to −20.5 > M0
B
> −21.25, and they must be ≥ 17 Mpc away
from haloes with Mvir > 1×1014h−1M . We ran our analysis with
more lenient and more stringent conditions for these Milky Way
analogues to determine whether specific choices affect our results.
Fig. B1 shows comparison of the properties of the Local Volume
and environments of the Milky Way analogues in the SMDPL sim-
ulation without the cluster isolation requirement. The distributions
of overdensities shift to larger vlaues, as expected given that ob-
jects in higher density environments around clusters are included,
but there is no significant change in the conclusions about the inci-
dence of the Local Volume-like environments.
We also tested the case when the only requirement was that
the halo have M0
B
< −20.5; that is, without limiting the upper
brightness to −21.25 and without cluster isolation criterion, and
the results were similar to the blue curve in Fig. B1. In addition, we
combined our fiducial restrictions with the requirement that each
Milky Way analogue have an M31-like neighbour (−20.5 < M0
B
<
−21.25) within 1 Mpc. This resulted in contours similar to the fidu-
cial ones, although with larger noise due to smaller number of ob-
jects in the sample. Thus, these particular choices of isolation cri-
teria for Milky Way analogues affect the resulting distribution of
properties of the Local Volume counterparts, but do not have a sig-
nificant effect on the conclusion about how common Local Volume-
like environments are in the SMDPL simulation.
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Figure B1. The contours from Fig. 8 (orange), compared with the contours without any restrictions on clusters (blue). The stars marks the measurements
for the Milky Way, and the triangles corresponds to M31. We also tested other restrictions: one, where the only requirement on the central halo was that it
have M0B < −20.5 (without limiting the maximum brightness to -21.25 and without any restrictions based on proximity to clusters), and another, where the
restrictions on the orange contour were combined with the requirement that the halo must have an M31-like pair (−21.25 < M0B < −20.5) within 1 Mpc. The
former resulted in curves similar to the blue, and the latter similar to the orange, though noisier due to number statistics.
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